Two H-type microbial fuel cells were prepared. The anaerobic chambers were inoculated with rice paddy field soil and fed cellulose as an energy source. In one reactor, the anode and cathode were connected with a wire (closed circuit, CC), while they were not connected in the other reactor (open circuit, OC). The OC reactor actively produced methane. In the CC reactor, however, an electric current of 0.2 to 0.3 mA was constantly generated, and methane production was almost completely suppressed. Electron microscopy revealed that rod-shaped cells with long prosthecae-like filaments were specifically enriched in the CC reactor. Comparisons of 16S rRNA gene clone libraries revealed entirely different phylogenetic compositions in the CC and OC communities; phylotypes related to Rhizobiceae, Desulfovibrio, and Ethanoligenens were specifically enriched in the CC community. The results indicate that electrogenesis resulted in the enrichment of distinctive microbial populations and suppressed methanogenesis from cellulose.
Methanogenesis is the terminal step in microbial organic matter decomposition, and it is found in a variety of anaerobic ecosystems. [1] [2] [3] Since methane is known as a green-house gas, its emission is of environmental concern. [3] [4] [5] Studies have analyzed microbial populations involved in methane emission from rice paddy fields, 6, 7) lake sediment 8, 9) and contaminated environments. 10, 11) Among these, since methane emission from rice paddy fields is enormous, 4, 5) the microorganisms involved in methanogenesis in rice paddy fields are of particular interest. 6, 7, 12) Another important aspect of methanogenesis is that it is widely utilized in bioreactors treating organic waste and in conserving energy from them. 13, 14) Microbial fuel cells (MFCs) are devices that exploit microorganisms to generate electric power directly from organic matter (electrogenesis), and they are potentially applicable to wastewater treatment and energy conservation. 15, 16) Conventional MFC reactors have two chambers (anode and cathode chambers, or anaerobic and aerobic chambers), between which a potential gradient of about 0.8 V is generated. In the anode chamber, organic matter is oxidized to carbon dioxide by microorganisms under anaerobic conditions, reducing equivalents are discharged to the anode as electrons, and these electrons are transferred to a wire that connects the anode to the cathode. Protons are simultaneously generated in the anode chamber, passively transferred to the cathode chamber through a membrane, and react with oxygen molecules on the cathode electrode to form water molecules. 15) Some MFCs are supplemented with electron mediators that facilitate the transfer of electrons from microbes to an anode, while others exploit microbes to transfer electrons directly. 15) MFC systems have also been harnessed to generate electricity at watersediment interfaces (sediment MFC). 17) Microorganisms occurring in these MFC systems have been analyzed by molecular ecological approaches, 18, 19) and organisms affiliated with several different genera have been identified as electrogenic microorganisms that can use inert graphite electrodes as electron acceptors. [18] [19] [20] Electrogenesis occurs when soluble electron acceptors, e.g., oxygen, nitrate, and sulfate, are not abundantly present, and it can potentially compete with methanogenesis under such conditions. Active methanogenesis has been observed in several MFC reactors harboring naturally occurring microbial communities, 21, 22) but it was not substantial in another reactor. 18 ) Possible environmental factors (e.g., redox potential) influencing this competition have been suggested, 22) although no study has analyzed the differences in microbial communities between methanogenesis and electrogenesis under controlled conditions.
In the present study, microbial communities enriched from rice paddy field soil in cellulose-fed electrogenic and methanogenic reactors were compared. We used soil, because it was assumed to contain diverse microbes with a variety of metabolic potentials. The results suggest the possibility that methane emission from rice paddy fields can be suppressed by means of an MFC system.
Materials and Methods
MFC configuration and operation. An H-type twochamber MFC (comprised of anaerobic and aerobic chambers) similar to those previously reported 15) was constructed using two glass vessels (450 ml in capacity) connected with glass tubing and a pinch-clump assembly. Liquids in the two chambers were separated by a proton-exchange membrane (Neosepta CIMS, Astom, Tokyo, Japan). The top of each chamber was covered with a glass dome with three sampling ports. All junctions and sampling ports were sealed with tight butyl-rubber stoppers. The anode electrodes in the anaerobic chamber were bundled graphite fibers (6 mm in diameter, 5000 fibers per anode) (Sogo carbon, Yokohama), and the cathode electrode in the aerobic chamber was an unpolished graphite plate (3 cm Â 10 cm Â 0:5 cm) (the FuelCellStore, http://www. fuelcellstore.jp).
After sterilization, the anaerobic chamber was filled with 300 ml of a sterilized medium composed of 0.1 g of KCl, 0.2 g of NH 4 Cl, 0.6 g of NaH 2 PO 4 , 1 ml of vitamin solution, 23) and stored at 4 C before use. The anaerobic-chamber medium was slowly agitated using a magnetic stirrer. The pH of the anaerobic-chamber media was occasionally adjusted to 7.0 by adding an Na 2 CO 3 solution (5% w/v). The reactors were operated in a temperaturecontrolled room (at 30 C). In order to generate electricity, the two electrodes were connected with a wire and an external resistor (510 , similar to those used in previous studies 21) ), and the voltage across the resistor was measured using a potentiostat (multipotentiostat 2092, Toho Giken, Tokyo, Japan). The electric current was converted to moles of electrons using the following equations and constants: 1 C ¼ 1 A Â 1 s, 1 C ¼ 6:24 Â 10 18 electrons, and 1 mol ¼ 6:02 Â 10 23 electrons (96,500 C mol À1 ). The pH of the medium in the anaerobic chamber was occasionally adjusted by adding a Na 2 CO 3 solution (5% w/v).
Chemical analysis. After a liquid sample was passed through a 0.22-mm pore membrane (type GV, Millipore, Tokyo, Japan), volatile fatty acids were analyzed by high-pressure liquid chromatography (Organic Acid Analysis System, Shimadzu) equipped with an electroconductivity detector (CDD-10A, Shimadzu, Kyoto, Japan) and dual packed columns (Shim-pack SCR102-H, Shimadzu). As an eluant, a mixture of equal volumes of 5 mM p-toluenesulfonic acid solution and 20 mM BisTris solution containing 5 mM p-toluenesulfonic acid and 100 mM EDTA was used at 0.8 ml min À1 . Methane, hydrogen, nitrogen and carbon dioxide in the headspace of the reactor were measured using a gas chromatograph (GC-14A, Shimadzu) equipped with a thermal conductivity detector and parallel packed columns (molecular sieve 5A 60-80/porapack Q 80-100, Shimadzu) as described previously.
23)
Field-emission scanning electron microscopy (FE-SEM). FE-SEM was performed as described previously. 23) A small portion of biofilm-harboring graphite fibers was carefully removed, and cells were fixed with 1.25% glutaraldehyde and 1.3% osmium tetraoxide. After the cells were dehydrated using a graded series of ethanol solutions, they were dried using an HCP-2 drier (Hitachi, Tokyo, Japan). The resulting specimen was coated with osmium using a CVD coating device (Hitachi) and observed under an S4500 FE-SEM (Hitachi) at 5 kV.
PCR amplification, cloning, and sequencing of 16S rRNA gene fragments. The anaerobic-chamber medium (5 ml, approximately 1.6% of the total volume) and biofilm-harboring graphite fibers (approximately 1.6% of the total electrode, wet weight) were mixed, and DNA was extracted from the mixture using a FAST DNA spin kit for soil (Q-BIOgene, Irvine, CA, USA) according to the manufacturer's instruction. Total DNA was also extracted from the rice paddy field soil (0.5 g). PCR amplification of 16S rRNA gene fragments was performed using U515f 24) (5 0 -CTGYCAGCMGCCGCGG-TAA-3 0 , nucleotide positions 515 to 533 in the Escherichia coli sequence) as a forward primer, and U1492r C for 1 min, and 72 C for 2 min; a final elongation step at 72 C for 10 min. Amplified fragments were purified with a QIAquick PCR purification kit (Qiagen, Tokyo, Japan), ligated into the pGEM-T vector (Promega, Tokyo, Japan) and cloned into Escherichia coli competent cells as described previously. 24) Vector harboring clones were selected on Luria-Bertani plates supplemented with ampicillin (50 mg ml À1 ). PCR-amplified 16S rRNA gene fragments were recovered from colonies by PCR using primers T7 W (5 0 -TAATAC-GACTCACTATAGGGC-3 0 ) and SP6W (5 0 -ATTTAG-GTGACACTATAGAATACTC-3 0 ) (the primers targeted the pGEM-T vector sequences flanking the insertion), as described previously. 25) Clones containing appropriate sizes of the insertion were selected by electrophoresis analysis, and their nucleotide sequences were determined as described previously. 25) Phylogenetic analysis. The sequences of 16S rRNA genes determined in this study were aligned to each other using Clustal W version 1.7 26) and assigned to phylotypes (defined as unique clones or groups of clones with a sequence similarity of >0:98). Database searches for related 16S rRNA gene sequences were conducted using the BLAST program 27) and the GenBank nucleotide sequence database. A phylogenetic tree was constructed by the neighbor-joining method using the njplot program in ClustalW, version 1.7. Nucleotide positions at which any sequence had a gap or an ambiguous base were not included in the phylogenetic calculations. Checks for chimeric sequences were conducted using the chimera check program in the Ribosomal Database Project database. 28) Accession numbers. The nucleotide sequences reported in this paper have been deposited in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases under accession nos. AB288548 to AB288690.
Results
Electricity and methane production Two MFC reactors were prepared, and anaerobic chambers were inoculated with rice paddy field soil and supplemented with crystalline cellulose as the energy and carbon source. In one reactor, the anodes and cathode were connected with a wire and a resistor of 510 ohm for electricity generation (closed-circuit reactor, CC reactor), while they were not connected in the other (open circuit reactor, OC reactor). Other reactor configurations, including the connection of the anaerobic-chamber medium and aerobic-chamber buffer with a cation-exchange membrane, were entirely the same between the CC and OC reactors. The redox potential of the anaerobic-chamber media was checked by the color of resazurin; it was always colorless, indicating that the redox potential was always below À110 mV. 29) At some time points in the stable phases, the redox potentials in the anaerobic chambers of the CC and OC reactors were measured with an ORP meter, which indicated that they were around À250 mV and À350 mV, respectively. This difference may have been an effect of the anode that removed electrons. ORP values in the aerobic chambers were stable at around 200 mV.
In the CC reactor (Fig. 1A) per anode-chamber working volume) was generated from day 30. The current was tightly linked to the pH value. Acetate and propionate were produced during the initial 30 d, whereas they were not produced when the stable current was generated (the stable phase). A small amount of methane was produced in the CC reactor, but hydrogen was undetectable in the stable phase (its partial pressure was always below 5 Pa in the headspace).
In the OC reactor (Fig. 1B) , acid fermentation (production of acetate and propionate) occurred in the initial 20 days, and pH decreased accordingly. Methane was actively produced when acetate was present (by day 40), while methane production proceeded at a relatively slow rate after that. From day 20 to day 48, the anode and cathode of the OC reactor were temporally connected, and current was monitored. Only a very small amount of current was however detected during this period.
Production rates of methane, electrons (estimated from the electric current), acetate and propionate in different phases of the two reactors are summarized in Table 1 . As this table shows, the methane-production rate of the CC reactor was less than one tenth that of the OC reactor, clearly indicating that electrogenesis resulted in substantial suppression of methanogenesis. This table also shows that the methanogenic community in the OC reactor did not efficiently generate electric current.
Electron microscopic images of biofilms
In the anaerobic chamber of the CC reactor, the medium became yellowish transparent during the stable phase (days 40 to 80 in Fig. 1 ), indicating that most microorganisms adhered to anode graphite fibers together with cellulose particles. In the OC reactor, however, the culture medium in the anaerobic chamber was turbid even in the stable phase, while a portion of the microorganisms adhered to the graphite fibers.
In order to determine the morphology of the electrogenic biofilms attaching onto the anode electrodes, a small amount of biofilm-harboring graphite fibers was taken from the CC reactor on day 78 and subjected to FE-SEM. For comparison, biofilms in the OC reactor were also observed. Typical images of FE-SEM are presented in Fig. 2 . As shown in panels A, B, and C, rods with long prosthecae-like filaments were abundantly present in the CC reactor, while no such cells were present in the OC reactor. A prosthecae is a cylindrical extension that a group of bacteria are known to produce. 29) At the edge of the biofilms in the CC reactor, these filaments connected cells to the graphite fiber electrode (Fig. 2A) . In the OC reactors, straight filaments, rods and cocci were found (Fig. 2DEF ).
Phylogenetic comparisons
In order to compare organisms phylogenetically in the stable phases (day 78) of the two reactors, we constructed 16S rRNA gene clone libraries for the organisms in the CC reactor (the EL library) and those in the OC reactor (the ME library). A library for organisms in the original seed soil (the RPS library) was also constructed for comparison. As described in previous papers, 16S rRNA gene clone library analysis suffers from biases associated with PCR amplification. 30) To obviate this limitation as much as possible, we selected a PCR primer set that has been reliably used in previous studies 30, 31) and determined minimum PCR cycles at which sufficient amounts of products were obtained. In addition, comparisons of different libraries allowed us to identify 16S rRNA gene sequences specifically occurring in one library.
The results of the sequence analysis and database search are summarized in Table 2 . As shown there, most clones were affiliated with the domain Bacteria, while the others were affiliated with the Archaea. There was no sequence of the Eukarya. In the EL and ME libraries, large portions (over 80%) of the clones were affiliated with the major phylotypes (defined as a phylotype including more than three clones), while this portion was small in the RPS library. These data suggest that specific organisms were enriched in the EL and ME libraries.
Phylogenetic analysis revealed that phylotypes affiliated with the Firmicutes were abundant in the EL and ME libraries. It also showed that most phylotypes did not overlap between the EL and ME libraries. In the EL library, 10 phylotypes (EL-1 to EL-5, EL-13, EL-17, ELME-2, ELME-4, and EL-22) were specifically enriched, while nine phylotypes (ME-1 to ME-3, ME-13, ME-15, ME-19, ELME-5, ME-10, and ME-23) were specifically enriched in the ME library. Phylotypes closely related to methanogens (e.g., ELME-6) are more abundant in the ME library than in the EL library. These results indicate that phylogenetic compositions of the EL and ME libraries were entirely different.
Discussion
The present study indicates that electrogenesis resulted in the suppression of cellulolytic methanogenesis by the soil-derived microbial community. In addition, acidogenesis (production of acetate and propionate) was also found to be suppressed under electrogenic conditions. There is no previous report of systematic comparisons of methanogenesis and electrogenesis under controlled conditions. Our results can serve as a basis for considering ecological interactions of anaerobic microorganisms engaged in methanogenesis and electrogenesis.
In the OC reactor, methane-production rates of 0.064 to 0.274 mmol d À1 were estimated (Table 1 ). Considering that 8 moles of electrons are needed to produce 1 mole of methane from carbon dioxide, the electronaccepting rates of the OC reactor were calculated to be more than 2-fold larger than the electron-production rates of the CC reactor. This calculation indicates that the suppression of methanogenesis in the CC reactor was not ascribable to simple competitive inhibition. The difference in the redox potentials might have affected this competition. In addition, we found that electricity generation was very weak in the OC reactor, when the electrodes were connected 20 days after starting the methanogenic operation ( Fig. 1 and Table 1) . From these results, we consider that electrogenic populations outcompeted methanogenic populations in terms of rapid growth rather than high activity. Once the methanogenic community was established, electrogenesis may have been unlikely to occur. It should however be noted that the current is dependent on instrumental limitations; for example, when the external resistor was changed to 100 ohm, the current increased to approximately 0.5 mA (data not shown). We found that the microbial communities in the CC and OC reactors were substantially different in several respects. First, most microorganisms adhered to the anodes in the CC reactor, while planktonic cells were abundant in the OC reactor. Second, microbial cells in biofilms were morphologically different; rod-shaped cells with long filaments were present abundantly only in the CC reactor (Fig. 2) . Third, the phylogenetic compositions of the microbial populations in these reactors were different (Table 2) . Regarding methanogenic and electrogenic communities oxidizing the same organic substrate, there is a possibility that the microbial populations catalyzing upper metabolic steps are the same while those catalyzing the lower metabolic steps are different. This assumption was not confirmed, however, by our examination (see below).
Community rRNA gene sequences have been used to infer the properties and ecological roles of the organisms that they represent, 10, 31) although this type of analysis is possible only if some common properties are shared by isolated organisms affiliated with the same phylogenetic group. Here we attempted to deduce the ecological roles of microorganisms represented by the major phylotypes in Table 2 . As the table shows, the Firmucutes phylo- The bars indicate 2 mm. The arrow indicates a typical rod cell with a long prosthecae-like filament. Another important difference between the EL and ME libraries was the composition of the Proteobacteria phylotypes: phylotype EL-13 and EL-17 were specifically enriched in the EL library. Looking over the EL library, we realized that these were only the major phylotypes that represented organisms with respiratory electron-transport chains. EL-13 is closely related to bacterium RR54, which was isolated from a rice paddy field (an unpublished strain found only in the nucleotidesequence databases), and is affiliated with the order Rhizobiales. This order includes facultatively aerobic heterotrophic bacteria. 32) Some members of this order are known to produce one or several long cylindrical appendages called prosthecae, 29) suggesting the possibility that EL-13 represented SEM-detected rod-shaped cells with long prosthecae-like filaments. We are interested in these organisms, because recent studies have shown that electrically conductive filaments (termed nanowires) mediate electron transfer to solid electron acceptors. 33, 34) It is also noteworthy that bacteria belonging to the Rhizobiaceae are known to have efficient uptake hydrogenases that allow them to recycle hydrogen generated in the nitrogen fixation process within legume nodules. 35) In sum, we assume that EL-13 represents organisms involved in generating electricity by oxidizing metabolites (e.g., sugars, organic acids, and hydrogen) of cellulolytic and/or fermentative organisms. We have recently isolated bacterial strains affiliated with this group, and have determined that they generated electricity (unpublished data). Concerning EL-17, its closest relative is a sulfate-and iron-reducing bacterium isolated from Arctic marine sediment. 36) Since iron-reducing bacteria are known to use graphite electrodes as electron-acceptors, 16) we deduce that organisms represented by EL-17 may also have been involved in direct electron transfer to the anode.
We consider that our results on the suppression of methanogeneis in the MFC system have important implications, since methane emission from rice paddy fields is of great environmental concern. 4, 5) In order to assess this possibility further, one may need to use different samples of paddy rice field soil in MFC experiments. The next step is to install an MFC system in a rice paddy field and examine methane emission from it. Although there should be many differences in field-scale sediment MFC systems and our MFC reactor, the fundamental knowledge obtained in this study (e.g., competitive behaviors of electrogenesis and methanogenesis and phylogeny of organisms involved in them) should prove useful.
